This paper presents new results of stable isotope analysis made on human and animal bones from Mesolithic-Neolithic sites (9500-5200 cal BC) in the Central Balkans. It reconstructs dietary practices in the Mesolithic and documents the development of new subsistence strategies and regional differences during the process of Neolithisation. We achieved these insights into dietary changes by analysing bone collagen δ 13 C (n = 75), δ 15 N (n = 75) and δ 34 S (n = 96) and comparing stable isotope data of Mesolithic-Neolithic communities from the Danube Gorges with the data of the first farmers who lived outside of the Gorges in the Central Balkans. The Bayesian model was employed to evaluate the relative importance of different animal proteins in human diet. Results bring a new overview and highlight important chronological and regional differences. They suggest that Late Mesolithic humans included more anadromous and potamodromous fish in their diet, which is consistent with archaeozoological evidence. On the other hand, differing from archaeozoological data, the model also points to a greater reliance on terrestrial carnivores (dogs) in the Late Mesolithic diet, a pattern that can be also explained by other dietary and environmental factors. In the Transitional and Neolithic period in the Gorges, some individuals have consumed fewer aquatic resources and favoured more terrestrial products. However, one site in the Gorges represents an exception-Ajmana, where we have the earliest farmers in this region since their subsistence economy was mainly oriented toward terrestrial products. Furthermore, results shows that Neolithic individuals inhumated at sites outside of the Danube Gorges in the Balkans had dietary patterns that vary in both terrestrial and freshwater resources, indicating that early farming communities had a diversified diet linked to a local natural environment. Comparative data finally indicates regional differentiations associated with locally available resources but also related to the traditions of prehistoric communities and to specific economic innovations.
Introduction
The Neolithic transition brought significant changes in human lifestyle (Zvelebil 2000; Bocquet-Appel 2011; Krauß 2011; Özdogan 2011 ) and strongly impacted their subsistence strategies, leading to the development of a new agro-pastoralist economy. The Balkans represents one of the key areas in studying the spread of the Neolithic way of life into Europe, as it is located at the crossroads between the Near East and Central Europe. Settlements ( Fig. 1) occupied by hunter-gatherer-fisher communities in the Danube Gorges (10,000-5500 BC) as well as other Early Neolithic sites in the Central Balkans offer a unique opportunity for studying this process at a regional scale (Online Resource 1). Because of animal domestication and plant cultivation processes, the Mesolithic-Neolithic transition has been a period of major Jelena Jovanović and Camille de Becdelièvre contributed equally to this work.
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12520-018-0744-1) contains supplementary material, which is available to authorized users. interest for stable isotope palaeodietary studies. In some areas, scholars have suggested a sudden shift from the consumption of marine and riverine fish proteins during the Mesolithic toward the consumption of terrestrial proteins and carbohydrates during the Neolithic (Tauber 1981; Schulting and Richards 2001) . However, other studies document a more gradual change (Lidén et al. 2004) , the presence of highly terrestrial Mesolithic diets (Bocherens et al. 2007; Schulting et al. 2008) or high consumption of fish by some Neolithic communities (Papathanasiou 2003; Lillie et al. 2011) . Since stable isotope analyses provide direct evidence for dietary patterns, we performed multiple stable isotope analyses (δ 13 C coll , δ 15 N, δ 34 S) on human adult individuals (n = 81) and numerous animal species (n = 32) from Mesolithic and Early Neolithic sites located in several regions of the Central Balkans (the Danube Gorges, Vojvodina, Šumadija and Kosovo). The new stable isotope dataset presented here is discussed together with isotopic data collated from previous studies, which enabled us to conduct the largest palaeodietary reconstruction in this part of Balkans to date and further explore dietary behaviours and subsistence strategies throughout the Mesolithic and Neolithic in this part of Europe.
The Mesolithic-Neolithic transition in the Central Balkans
The abundance of Mesolithic and Early Neolithic sites on the territory of Serbia provides great opportunities in understanding the dynamics of the Mesolithic-Neolithic transition. One of the key areas is the Danube Gorges, where series of settlements yielded very well-preserved archaeological remains, documenting the chronological continuity of occupation along the Danube from the Mesolithic to the Neolithic (10,000-5500 cal BC) (Radovanović 1996; Roksandić 1999 Roksandić , 2000 Borić 1999 Borić , 2002a Borić and Miracle 2004; Borić and Stefanović 2004; Borić and Dimitrijević 2009 ). The inhabitants of these sites were (semi) sedentary hunter-fisher gatherers. A recent study by Dimitrijević et al. (2016) showed that a significant degree of sedentism existed in the Danube Gorges already in the Late Mesolithic, prior to and independent from the adoption of animal and plant husbandry. Archaeozoological analyses suggest that the economy of prehistoric communities in the Danube Gorges remained relatively unchanged in the Mesolithic and Transitional MesolithicNeolithic phases, while the adoption of the domesticated 800 0 800 1600 2400 3200 km N Fig. 1 Map of the sites used in this study animal species (cattle, ovicaprids and pigs) took place in the Neolithic (post ca. 5900 cal BC) Dimitrijević 2006, 2007) . This may be due to the proximity of water, abundance of mammal and fish species and/or particular cultural traditions. The Danube banks were covered by oak forests (Filipović et al. 2010 ) full of game (cf. Bökönyi 1972 Bökönyi , 1978 Dimitrijević 2000 Dimitrijević , 2008 , and the river provided a reliable source of large fish species (e.g. freshwater carp and catfish, and sturgeon migrating from Black Sea) (Clason 1980; Bartosiewicz et al. 1995 Bartosiewicz et al. , 2001 Bartosiewicz et al. , 2008 Dinu 2010; Borić 2011; Živaljević 2017) .
On the Serbian side of the Danube Gorges, archaeological sites are located in two different landscape settings. In the Upper and the Lower Gorges, the sites of Padina, Lepenski Vir, Vlasac and Hajdučka Vodenica are situated on river terraces between the river and the forest ( Fig. 1 ; Online Resource 1), in the vicinity of whirlpools which provided good hunting and fishing spots (cf. Petrović 1998; Borić 2002a, b; Živaljević 2017) . A further downstream, at the end of the Gorges, the sites of Ajmana and Velesnica are located in a hilly landscape, which is open to the Wallachian plain and more suitable for agriculture ( Fig. 1 ; Online Resource 1).
The Mesolithic-Neolithic sequence in the Danube Gorges is characterised by specific material culture, including complex settlement architecture (trapezoidal buildings), sculpted sandstone boulders and specific mortuary rites (Srejović 1972; Radovanović 1996; Jovanović 2008; Borić 2011) . Archaeological excavations of these sites uncovered more than 500 human skeletons (Roksandić 1999 (Roksandić , 2000 . During the Early Mesolithic period (9500-7400 cal BC), human groups settled along the Danube and sporadic stone constructions started to appear, along with occasional burials (mostly supine inhumations). In the Late Mesolithic period (7400-6300 cal BC), the architecture became more elaborate with solid construction as well as other indicators of increased sedentism (Borić 2011; Dimitrijević et al. 2016) . The archaeozoological record showed that the diet was mostly based on the consumption of fish (freshwater fish, e.g. various species of the carp (Cyprinidae) family, wels catfish (Silurus glanis) and pike (Esox lucius); the potamodromous huchen (Hucho hucho); as well as anadromous fish migrating seasonally from the Black Sea, e.g. species of the sturgeon (Acipenseridae) family and the anadromous cyprinid vyrezub (Rutilus frisii)) and hunted game (mainly red deer (Cervus elaphus), roe deer (Capreolus capreolus), wild boar (Sus scrofa) and aurochs (Bos primigenius)) (Bökönyi 1969 (Bökönyi , 1972 (Bökönyi , 1978 Clason 1980; Borić and Dimitrijević 2006; Dimitrijević 2000 Dimitrijević , 2008 Greenfield 2008; Dimitrijević et al. 2016; Živaljević 2017) . The only domestic animals that appeared before the Neolithic are dogs (Canis familiaris), which were presumably locally domesticated during the Mesolithic (Bökönyi 1978; Dimitrijević and Vuković 2015) . Cut marks and traces of burning observed on dog remains suggest their occasional slaughter and/or defleshing by humans (Clason 1980; Dimitrijević 2008 ). The next phase-the Transitional/Early Neolithic (6200-5900 cal BC)-is a period during which the last hunter-fisher-gatherers and the first farmers began to have intensive contact (Borić 2002a, b; Borić and Price 2013) , as evidenced by the appearance of Early Neolithic Starčevo pottery, polished stone axes, yellow spotted Balkan flint and Spondylus beads. It is also characterised by numerous trapezoidal dwellings, artistic expression (e.g. sculpted boulders representing human-fishlike beings) and changes in children funerary practices (Borić and Stefanović 2004; Borić and Price 2013) . Although this is a time of major changes, archaeozoological data indicates that subsistence strategies were based on the consumption of both terrestrial and aquatic resources (Borić and Dimitrijević 2006; Dimitrijević 2000 Dimitrijević , 2008 Greenfield 2008; Dimitrijević et al. 2016; Živaljević 2017) . The next period, identified as the Early/Middle Neolithic (5900-5500 cal BC) in the Danube Gorges, coincides with the spread of Early Neolithic sites in the Central Balkans (Whittle et al. 2002; Borić and Price 2013) . During this time, new elements of Starčevo culture and new subsistence strategies appear. Trapezoidal dwellings are abandoned, and new architectural features (domed ovens, pits filled by fragments of daub and wattle), burial customs (flexed inhumations) and domesticated animals (cattle (Bos taurus), goat (Capra hircus) and pig (Sus domesticus)) appear in the archaeological record. However, on all the sites in the Danube Gorges for which archaeozoological data are available, results generally show the continued prevalence of wild animal remains (Bökönyi 1969 (Bökönyi , 1972 Clason 1980; Greenfield 2008) .
The beginning of the sixth millennium BC in the Central Balkans is associated with the Early Neolithic Starčevo culture (6200-5200 cal BC) which is a part of the Starčevo-Körös-Criş cultural complex (Whittle et al. 2002) . There are more than 330 known Starčevo sites distributed across a region stretching as far north as Vojvodina through Šumadija and as far south as Kosovo.
1 Neolithic sites in the Vojvodina region are located on plains near rivers, while in Šumadija and Kosovo, these sites are located in a hilly plain environment near rivers ( Fig. 1 ; Online Resource 1). Although there are a large number of excavated sites, burials outside the Danube Gorges are rare (Borić 2014) . They are mostly found as single inhumation in a flexed position, located within the settlement. This material culture is characterised by painted and unpainted pottery, rectangular detached dugout dwellings constructed in a wattle and daub technique, polished stone axes, grinding stones and anthropomorphic and zoomorphic figurines. Animal husbandry and stock-breeding (cattle, sheep, goat, pig) played a major role in subsistence, but wild game (red deer, roe deer, wild boar and aurochs) remains were also found (Bökönyi 1974; Vörös 1980; Clason 1980; Bökönyi 1984; Blažić 1985; Bökönyi 1988; Blažić 1992; Greenfield 1993; Blažić 2005; Arnold and Greenfield 2006) . Fish bones are found in fairly small amounts (freshwater species of catfish, pike and various cyprinids) (Bökönyi 1974; Clason 1980; Blažić 1992 Blažić , 2005 , although this may also be a consequence of hand collection of faunal remains practised during the excavations.
Archaeobotanical analysis shows no evidence for cereal cultivation in the Danube Gorges (Gigov 1969; Pop et al. 1970; Cârciumaru 1973 Cârciumaru , 1978 , which could be linked to the fact that the local environment was unsuitable for cereal cultivation or as a result of excavation methods. However, a recent study by Filipović et al. (2017) demonstrates that some of the recovered starch grains from human dental calculus may have been derived from domesticated cereals. Concerning plant cultivation in other regions, on several sites in Vojvodina and Šumadija, cultivated plants, like cereals (such as wheat and barley) and pulses (lentils, peas), were identified (Filipović and Obradović 2013) .
Materials and methods

Stable isotope analyses and dietary reconstruction
Stable isotope analysis on bones is used in numerous bioarchaeological studies as it provides information on the environment and diet (e.g. Ambrose 1991 Ambrose , 1993 O'Connell et al. 2001) . Forty years of research in ecology and palaeoecology (Ambrose and Norr 1993; Hobson et al. 1993; Phillips and Koch 2002) produced detailed isotopic data providing a powerful tool to interpret dietary preferences in the archaeological record.
In plants, stable isotope ratios (δ 13 C, δ 15 N) vary according to environmental parameters (Schoeninger and DeNiro 1983; Handley and Raven 1992; Schleser 1995) , photosynthetic pathways (Farquhar et al. 1989 ) and nitrogen fixation (Virginia and Delwiche 1982) . Plant consumers record the plant isotopic ratios in their body tissues, but physiological effects produce an increase in both 13 C and 15 N at each trophic level (DeNiro and Epstein 1978, 1981; Bocherens and Drucker 2003) , allowing researchers to distinguish herbivores from carnivores. In each trophic level in the food web, the δ C values compared to freshwater fish, which typically show similar or lower δ 13 C values compared to terrestrial animals (France 1994; Fuller et al. 2012) .
Sulfur isotope ratio levels in terrestrial plants are the result of different sources such as groundwater, rain, atmosphere, sea spray and erosion (Krouse 1989; Nehlich 2015) . The bioavailability of sulfur is different in different areas and materials sampled. For example, in bone collagen, sulfur is directly linked to food consumption, since it passed along the food web with a small fractionation factor of approximately − 1‰ (Barnes and Jennings 2007; Tanz and Schmidt 2010) . Marine resources show the highest δ 34 S values (close to + 20‰), while terrestrial plants show lower ratios (ca. − 15‰ to + 15‰) which vary according to the potential impact of sea spray and underlying geological characteristics. Freshwater ecosystems also produce a wide range of values (ca. − 22‰ to + 20‰), according to the influence of different sulfur sources .
In this study, we focus on collagen isotopic data, since collagen is a protein partially formed from protein originating from food consumed and thus it can provide valuable data about protein part of ancient diet (e.g. Ambrose and Norr 1993) . In bone, collagen is constantly replaced, but its rate of turnover depends on several physiological and genetic factors (Han et al. 1997 ) and, more specifically, age (Valentin 2002) . It is commonly acknowledged (e.g. ) that bone collagen isotopic ratios record the average protein intake during the last few years of life (ca. 15 years).
In the Danube Gorges, several studies have proved the importance of using stable isotope data to detect different environments exploited by Mesolithic and Neolithic populations (Bonsall et al. 1997 Cook et al. 2002; Grupe et al. 2003; Borić and Miracle 2004; Nehlich et al. 2010; Nehlich and Borić 2015; Bonsall et al. 2015a, b) . These studies have suggested that Late Mesolithic human groups were quite dependent on riverine resources, while some Neolithic individuals were consuming aquatic resources and other more terrestrial ones.
The new data we present here explore diachronic changes from the Early to the Late Mesolithic and give dietary insights from less-explored areas outside the Danube Gorges, with multi-isotopic proxies. It offers an opportunity to further understand the role of different food resources during the process of Neolithisation and the importance of local ecological characteristics in dietary choices. This approach first requires identifying stable isotope ratios of local baseline areas from the analysis of archaeological faunal remains (e.g. Britton et al. 2008; Goude and Fontugne 2016; Bownes et al. 2018 ). (Whittle et al. 2002; Grupe et al. 2003 Bonsall et al. 2008; Nehlich et al. 2010; Borić 2011; Bonsall et al. 2015a ) (Online Resource 3).
Materials and sampling strategy
Collagen analysis
Bone samples were first cleaned by Al 2 O 3 abrasion. Collagen was extracted from bone following the methods developed by Longin (1971) and Bocherens (1992) (LAMPEA Laboratory, Aix-en-Provence, France). Bone was crushed with an agate pestle and mortar and the powder was demineralised for 20 min with an HCl solution (1 M) and then rinsed and filtered. The remaining filtrate was soaked in a NaOH solution (0.125 M) for 20 h and then rinsed and filtered. The filtrate was dissolved into a weak acid solution (HCl, pH 2) at 100°C for 17 h and filtered with an Ezee Filter ® device. The solution was then frozen and freeze-dried for 48 h. Extraction yield was calculated on freeze-dried samples, and only samples containing over 1% collagen were analysed. Elemental composition and stable isotope ratios were analysed by EA-IRMS (Europa Scientific elemental analyser coupled to Europa Scientific 20-20 IRMS; Iso-Analytical, Ltd., UK). The reference material used for analysis was laboratory standards calibrated against international standards (International Atomic Energy Agency (IAEA)). Measurement error is 0.05‰ for δ Only samples with C and N content ≥ 30% and 10%, respectively (van Klinken 1999), C/N ratios between 2.9 and 3.6 (DeNiro 1985), S content between 0.15-0.35% (mammals) and 0.40-0.85% (fish), C/S ratio of 600 ± 300 (175 ± 50 for fish) and N/S ratio of 200 ± 100 (60 ± 20 for fish) ) are presented in Online Resources 2 and 3 and used for interpretation and discussion. Published data were selected using the same criteria.
The Bayesian model
The Bayesian model (FRUITS v. 2.1) was applied to evaluate the relative importance of different animal proteins in human diet (cf. Fernandes et al. 2014) . We compared two Mesolithic and three Neolithic human groups to the animal data available (terrestrial herbivores, omnivores and carnivores, fish with different migratory behaviours and habitats) for each group (Mesolithic and Neolithic) and environment (terrestrial versus aquatic) (Table 1) . For each model, we used three proxies (C, N, S), one fraction (protein) with the specific offset of each isotope according to the literature (0.5‰, SD 0.5‰ for C; 4‰, SD 1‰ for N; 0‰ for S) (Bocherens and Drucker 2003; Nehlich 2009) , and five protein sources. The five Bayesian models provided in Fig. 5 show different dietary patterns according to the period and the location and relationship with the Danube environment.
Results
In this section, animal and human isotopic variability of the samples on which stable isotope analysis was performed within this study is presented together with published data used for further interpretation.
Animal isotopic variability
Both Mesolithic and Neolithic terrestrial herbivore and omnivore values fall within the expected range for the temperate C 3 ecosystem. Dogs show the highest carbon and sulfur stable isotope ratios compared to the other mammals, but relatively low δ
15
N values compared to contemporary humans. The data for fish remains from the Danube Gorges indicates a very wide distribution of stable isotope ratios linked to the ecological behaviour of the species considered. As expected, the anadromous sturgeons have high δ The isotopic ratios of Mesolithic 2 terrestrial herbivores (red deer, roe deer, aurochs) range from − 23.2 to − 20.7‰ (Δ = 2.5‰; n = 20) for carbon, from 4.6 to 13.0‰ (Δ = 8.4‰; n = 20) for nitrogen and from 3.2 to 5.3‰ (Δ = 2.1‰; n = 4) for sulfur. The isotopic ratios of Mesolithic terrestrial omnivores (wild boar) range from − 21.1 to − 20.7‰ (Δ = 0.8‰; n = 4) for carbon, from 6.8 to 11.9‰ (Δ = 5.1‰; n = 4) for nitrogen and from 2.7 to 5.0‰ (Δ = 2.3‰; n = 2) for sulfur ( Fig. 2a, b) . The isotopic ratios of terrestrial carnivores (wolf, dog) during the Mesolithic period range from − 20.5 to − 19.1‰ (Δ = 1.4‰; n = 9) for carbon and from 4.6 to 13.0‰ (Δ = 8.4‰; n = 20) for nitrogen (Fig. 2a, b) . In the Mesolithic, freshwater fish, especially cyprinids, produce variable data depending on the site from which they originate (Online Resource 4). Their isotopic ratios range from − 26.9 to − 18.9‰ (Δ = 8.0‰; n = 5) for carbon and from 6.6 to 7.9‰ (Δ = 1.3‰; n = 5) for nitrogen (Fig. 2a, b) . The δ 34 S value for two cyprinid specimens, for which the collagen quality criterion is in the expected range, is 14. The only analysed freshwater wels catfish specimen from Mesolithic sites yields low δ 34 S value (1.9). The anadromous sturgeon isotopic ratios range from − 21.3 to − 18.5‰ (Δ = 2.8‰; n = 5) for carbon and from 7.8 to 11.3‰ (Δ = 3.5‰; n = 5) for nitrogen (Fig. 2a, b) . The δ 34 S value for one specimen, for which the collagen quality criterion is in expected range, is 14.2.
The isotopic ratios of terrestrial herbivores (red deer, roe deer, aurochs) from the Transitional-Early Neolithic phase range from − 22.4 to − 20.9‰ (Δ = 1.5‰; n = 3) for carbon, from 5.7 to 7.0‰ (Δ = 1.3‰; n = 3) for nitrogen and from 2.2 to 4.8‰ (Δ = 2.6‰; n = 3) for sulfur (Fig. 3a, b) . Only one terrestrial omnivore specimen showed isotopic ratios which respect collagen quality criteria (δ 13 C − 21.1, δ 15 N 7.5 and δ 34 S 5.2). The isotopic ratios of Transitional-Early Neolithic terrestrial carnivores (dog) range from − 18.7 to − 18.5‰ (Δ = 0.2‰; n = 2) for carbon and from 11.1 to 12.3‰ (Δ = 1.2‰; n = 2) for nitrogen (Fig. 3a, b) . Concerning freshwater fish from the Transitional-Early Neolithic phase, wels catfish and especially cyprinids also produce variable data. Their isotopic ratios range from − 26.2 to − 21.8‰ (Δ = 4.4‰; n = 4) for carbon, from 8.1 to 10.9‰ (Δ = 2.8‰; n = 4) for nitrogen and from 3.3 to 8.2‰ (Δ = 4.9‰; n = 3) for sulfur (Fig. 3a, b) . The isotopic ratios of Transitional-Early Neolithic anadromous sturgeons and potamodromous huchen range from − 17.8 to − 17.6‰ (Δ = 0.2‰; n = 2) for carbon, from 9.1 to 10.1‰ (Δ = 1.0‰; n = 2) for nitrogen and from 13.6 to 16.1‰ for sulfur (Δ = 2.5‰; n = 2) (Fig. 3a, b) .
In Early/Middle Neolithic terrestrial herbivores (red deer, roe deer, cattle, goat), the isotopic ratios range from − 22.1 to − 20.4‰ (Δ = 1.7‰; n = 2) for carbon, from 6.5 to 8.1‰ (Δ = 1.6‰; n = 2) for nitrogen and from 3.4 to 5.7‰ (Δ = 2.3‰; n = 2) for sulfur (Fig. 3a, b) . Only one terrestrial omnivore specimen from this phase showed isotopic ratios which respect collagen quality criteria (δ 13 C − 20.8‰, δ 15 N 7.1‰ and δ 34 S 6.5‰). The isotopic ratios of terrestrial herbivores (red deer, roe deer, sheep, goat, cattle, European ass) from Early Neolithic sites outside the Danube Gorges range from − 21.1 to − 18.9‰ (Δ = 2.2‰; n = 21) for carbon, from 3.2 to 9.4‰ (Δ = 6.2‰; n = 21) for nitrogen and from 2.7 to 4.2‰ (Δ = 1.5‰; n = 21) for sulfur (Fig. 4a, b) . Concerning terrestrial omnivores (domestic pig, wild boar) from Early Neolithic sites located outside the Danube Gorges region, their isotopic ratios range from − 20.8 to − 20.1‰ (Δ = 0.7‰; n = 2) for carbon and from 3.8 to 8.3‰ (Δ = 4.5‰; n = 2) for nitrogen. Only one terrestrial carnivore specimen exhibited isotopic ratios which respect collagen quality criteria (δ 
Human isotopic variability
Early Mesolithic human isotopic ratios range from − 20.2 to − 19.4‰ (Δ = 0.8‰; n = 12) for carbon, from 13.5 to 15.5‰ (Δ = 2.0‰; n = 12) for nitrogen and from 4.8 to 8.5‰ (Δ = 3.7‰; n = 12) for sulfur (Online Resources 2 and 3; Fig. 2a The stable isotope ratios of Neolithic humans vary according to the period and to the environment. In the Danube Gorges (the sites of Lepenski Vir and Hajdučka Vodenica; Fig. 2 a (Above) δ13C and δ15N values of humans and animals from the Danube Gorges Mesolithic sites (δ13C and δ15N data from this study, n = 20; δ13C and δ15N data from Grupe et al. (2003) , and Nehlich et al. (2010) Online Resources 2 and 3; Fig. 3a, b) , the Transitional-Early Neolithic human values range from − 20.2 to − 18.3‰ (Δ = 1.9‰; n = 24) for carbon, from 10.6 to 16.6‰ (Δ = 6.0‰; n = 24) for nitrogen and from 3.9 to 13.9‰ (Δ = 10.0‰; n = 17) for sulfur. At the downstream site of Ajmana, the stable isotope ratios of Early Neolithic humans are lower and less variable compared to the majority of their counterparts from the upstream Danube Gorges sites of Lepenski Vir and Hajdučka Vodenica with values ranging from − 20.3 to − 19.7‰ (Δ = 0.6‰, n = 4) for carbon, from 9.6 to 10.6‰ (Δ = 1.0‰; n = 4) for nitrogen and from 7.9 to 8.1‰ (Δ = 0.2‰; n = 4) for sulfur (Fig. 3a, b) . The stable isotope ratios recorded for humans from the Early/Middle Neolithic period (the site of Lepenski Vir) show a range from − 20.2 to − 18.3‰ (Δ = 1.9‰, n = 9) for carbon, from 11.7 to 15.5‰ (Δ = 3.8‰; n = 9) for nitrogen and from − 3.1 to + 10.6‰ (Δ = 13.7‰; n = 7) for sulfur.
The Neolithic isotopic data from the regions outside of the Danube Gorges area (Vojvodina, Šumadija and Kosovo) show different values (Online Resources 2 and ; n = 21), from 6.4 to 13.3‰ for nitrogen (Δ = 6.9‰; n = 21) and from 2.2 to 7.4‰ for sulfur (Δ = 5.2‰; n = 12) (Fig. 4a, b) .
Discussion
Mesolithic
The human values of δ (Bonsall et al. 1997) to those presented in this study. Stable isotope results are in accordance with archaeozoological data on fish remains in the Danube Gorges (Clason 1980; Bartosiewicz et al. 1995 Bartosiewicz et al. , 2001 Bartosiewicz et al. , 2008 Dinu 2010; Dimitrijević et al. 2016; Živaljević 2017) , suggesting that its inhabitants exploited a wide range of freshwater stationary, potamodromous as well as anadromous species, which were migrating from the Black Sea each year to spawn in the Danube. Apart from fish, Mesolithic humans also had a high input of red deer, roe deer and wild boar meat in their diet. Variations in δ 15 N and δ 34 S reflect diachronic changes in the consumption of marine protein resources versus terrestrial/ freshwater protein resources (Fig. 2a, b) . Although values of δ S between these periods. The results of the Bayesian model reconstruction (Fig. 5 ) corroborate this finding. According to the model, the Early Mesolithic terrestrial omnivores (wild boar) were an important resource in the diet, followed by terrestrial herbivores and fish, which differ from the archaeozoological record indicating the predominance of terrestrial herbivores (mainly red deer) followed by fish. Furthermore, the model also suggests that in the Late Mesolithic, the bulk of protein was derived from anadromous and potamodromous fish (which corresponds to archaeozoological data) but also terrestrial carnivores. This is surprising, given the predominance of herbivores (red deer) in Late Mesolithic faunal assemblages. There are several factors that could explain the differences between the Bayesian model and archaeozoological data and the diachronic shift in δ 34 S values. The first hypothesis is that observed differences are most likely related to the increased importance of fish (including anadromous and potamodromous species) in the diet of Late Mesolithic people, as the Bayesian model and the archaeozoological evidence suggests. Similar assumption was recently suggested in a study where authors advised to perform further δ 34 S analyses of the Danube Gorges human and faunal material, including a better sample size and numerous animal species (Bonsall et al. 2015a, b) . Our stable isotope results for human and fish indicate that the value of δ 13 C and δ 34 S could be related to the migrating behaviour of the fish species: higher δ 13 C and δ 34 S for the anadromous and potamodromous species considered and lower δ 13 C and δ 34 S for the stationary freshwater species ( Fig. 2b ; Online Resource 4). However, analysed cyprinid specimens produce variable data both close to the stable isotope signal of stationary freshwater and anadromous/potamodromous fish. A recent ancient DNA (aDNA) analysis (Živaljević et al. 2017 ) performed on cyprinid bone samples from the site of Lepenski Vir, Padina and Vlasac produced evidence of an anadromous cyprinid previously unrecorded in the area-vyrezub (Rutilus frisii). At present, the species inhabits large brackish estuaries of the Black, Azov and Caspian seas, from which it migrates to rivers in autumn and spawns in spring. This occurrence might account for the observed variability of isotopic signatures of cyprinid bone samples-and especially for the difference in δ 13 C and δ 34 S observed on samples from the sites of Vlasac and Padina (R. frisii remains being more abundant at the former site) (Online Resource 4)-indicating that they probably originated from both freshwater and anadromous cyprinids. Therefore, obtained δ 13 C, δ 15 N and δ 34 S isotopic values of cyprinids are consistent with the results of recent aDNA analysis (cf. Živaljević et al. 2017) . Our new sulfur isotopic data support the assumption that aquatic resources were important throughout the whole Mesolithic of the Gorges (high δ 15 N) but that Late Mesolithic communities started to include more anadromous and potamodromous species of fish in their diet (change in δ 34 S and δ
C values).
An alternative hypothesis has suggested that the high δ 15 N documented for the Early Mesolithic human sample was correlated to the consumption of suckling animals (Nehlich and Borić 2015) . However, this hypothesis is not favoured as our new isotopic dataset indicates simultaneous isotopic modification of both carbon and nitrogen ratios (Online Resource 4). The hypothesis that fish (including anadromous and potamodromous species) became an important food source during the Late Mesolithic is attractive from a human ecology perspective, given the fact that fishing played a crucial role in the formation of the Danube Gorges prehistoric settlements, as it has been suggested in numerous publications, ever since the discovery of the sites (Jovanović 1969; Srejović 1969 Srejović , 1972 Bartosiewicz et al. 1995; Radovanović 1996 Radovanović , 1997 Bartosiewicz et al. 2001; Borić 2001; Jovanović 2008; Dinu 2010; Živaljević 2017) . The development of more permanent settlements during the Late Mesolithic could be therefore related to a kind of fishing that allowed humans to catch more species of anadromous and potamodromous fish. Significant intra-site differences in human stable isotope values have also been noted between Lepenski Vir and Padina during the Early Mesolithic and between Hajdučka Vodenica and Vlasac during the Late Mesolithic. All these sites were considered good fishing spots, and this may be explained in terms of different functions and organisations of the settlements. A recent archaeozoological study (Živaljević 2017 ) has recorded a higher amount of anadromous fish remains on the site of Lepenski Vir in comparison to the site of Padina which yielded a higher amount of catfish remains, reinforcing the last hypothesis. On the other hand, these shifts in sulfur and carbon values from the Early to the Late Mesolithic can also be correlated with the only domesticated species in the Mesolithic-dogs. As previously noted, the Bayesian model suggests that beside fish, terrestrial carnivores (dogs) played a significant role in the diet of Late Mesolithic humans (Fig. 5 ). Nevertheless, it is possible that dogs, exhibiting elevated sulfur values, could be more represented in the model than food depleted in sulfur (terrestrial herbivores and omnivores). While some dog bones bear traces of butchery, allowing the possibility that dogs were occasionally eaten (Clason 1980; Dimitrijević 2008) , the archaeozoological record indicates that fish and terrestrial herbivores were primary food sources during this time. In terms of isotopic ratios, higher δ There is a growing body of data which suggests dog remains can be used as a proxy for the study of human diet in cases where human remains have not been found or sampled (Guiry 2012 (Guiry , 2013 Guiry and Grimes 2013) .
Therefore, the variation in δ 34 S could be explained that Late Mesolithic people, as well as dogs, had higher intake of fish (including anadromous and potamodromous fish) in their diet. These results are important in terms of understanding Late Mesolithic settlement and habitual practices. The Late Mesolithic period witnessed the development of first durable houses, with plaster floors and stone hearths, along the river at spots which were good for specialised fishing. It could be hypothesised that catching specific fish species played an important role or could be understood as a consequence of the increased sedentism. Year-round occupation of Vlasac during the Late Mesolithic is also supported by a recent study on the seasonality of food resource exploitation by Dimitrijević et al. (2016) .
Finally, it should be taken into account that the observed increase in the δ S signal of the Black Sea Basin could have affected the values of anadromous and potamodromous fish. Namely, it has been debated whether some important hydrological events may have occurred in the Black Sea Basin during the very end of the Pleistocene and first part of the Holocene, with increased river flows following warming climate, the rise sea level and the hypothesis that the Black Sea became a marine system around 8.4 ky BP or even earlier (e.g. Major et al. 2006; Bahr et al. 2006; Martin et al. 2007 ). For instance, a stable isotope study of pyrite formation in the Black Sea on Pleistocene and Holocene horizons performed by Calvert et al. (1996) 
Neolithic subsistence variability
Stable isotope ratios of Neolithic individuals vary according to the site and geographic region (Fig. 6a, b) . Although isotopic values show a high dependence on aquatic products throughout the Danube Gorges temporal sequence, an increase in the consumption of terrestrial resources has been noted at some sites from the Mesolithic-Neolithic transition to the Early/ Middle Neolithic. Interestingly, while the contribution of terrestrial omnivores, herbivores and freshwater fish remained almost the same, the results of the Bayesian model (FRUITS, Fig. 5 ) suggest an increase in the consumption of terrestrial carnivores (dogs) in the Transitional-Neolithic period, which is likely due to the proximity of stable isotope signals between humans and dogs and could be interpreted in different ways. It is possible that Late Mesolithic dogs Since no sulfur value could be obtained from sturgeon and huchen specimens dated to the Transitional-Early Neolithic period, it is likely, as suggested by archaeozoological data, that Neolithic inhabitants of the Gorges were also consuming these fish in significant amounts. Therefore, it is also possible that dogs were consuming these fish through human leftovers, which could result in similar stable isotope values of human and dogs and thus have an influence on a high proportion of dogs in the model. Thus, the Bayesian model should be interpreted with caution, as observed changes may be due to the fact that dogs consumed different foods and not that humans were including more dogs in their diet.
Regarding intra-site differences, while the consumption of aquatic resources remained very important during the Transitional and Early/Middle Neolithic periods on the sites of Padina and Hajdučka Vodenica on the right side of the Danube and on the site of Icoana on the left side of the river bank, some individuals from the site of Lepenski Vir seem to have favoured the consumption of terrestrial food resources (Fig. 3a, b) . This variability has also been noticed between some individuals from the site of Schela Cladovei (Bonsall et al. 1997) .
During the Transition and through the Early/Middle Neolithic, strontium isotope ratios recorded on human enamel evidenced the presence of non-local people at Lepenski Vir, possibly related to the arrival of farming communities in the Balkans (Borić and Price 2013) . Some of the non-local individuals from Lepenski Vir (26, 32a, 122; Online Resource 3) 4 have typical terrestrial isotopic values. Recent anthropological analyses, comparing non-metric anatomical variations (de Becdelièvre et al. 2015) and cranial morphology with body proportions and long bone cross-sectional properties, also suggest significant differences between Neolithic local and nonlocal individuals, despite a certain biological continuity within the Danube Gorges prehistoric population throughout the temporal sequence (de Becdelièvre et al. 2015) . Furthermore, the study of dental pathologies documents a higher frequency of caries among Neolithic non-local individuals, suggesting that they had different dietary habits, probably including food enhanced in carbohydrates (de Becdelièvre et al. 2015; Jovanović 2017) .
It is therefore possible that some of these individuals migrated along with their own dietary habits, contributing to the subtle local Early Neolithic changes in daily subsistence (broadening of the dietary spectrum) (Borić and Price 2013) . During the Early/Middle Neolithic in the Danube Gorges, domesticated species, such as pig, goat and cattle, appear in the archaeozoological record . Their consumption, in addition to wild herbivores, may explain the slight shift toward more terrestrial isotopic ratios recorded during this time. Furthermore, a recent study by Filipović et al. (2017) also suggests that with the onset of the Neolithic, humans in the Danube Gorges may have changed their diet to include more starch rich food (e.g. domesticated cereals).
Individuals inhumated at the site of Ajmana, located downstream at the end of the Gorges (Fig. 1) , also yielded isotopic values of δ 13 C, δ 15 N and δ 34 S which suggest a terrestrial diet with little input from aquatic resources (Fig. 3a, b ). The Bayesian model shows significant contribution of terrestrial herbivores and omnivores, while contribution of fish and terrestrial carnivores is less represented in the inner Gorges (Fig. 5) . The occupation of the site of Ajmana started at the end of the seventh millennium BC (ca. 6200-6000 cal BC; Borić 2011), contrary to most sites of the inner Gorges which were occupied long before. The excavations there yielded typical Starčevo features such as pottery, polished tools, bone spoons (new Neolithic introduction commonly related to the practice of eating cereal-based food) and human skeletons which were found in the typical Early Neolithic Bflexed position^in a multiple grave, interpreted as collective (Radosavljević-Krunić 1986; Stalio 1992) . It is worth mentioning that the site is located downstream, in an environment more suitable for agricultural practices, than the sites located upstream inside the Gorges (Fig. 1) . Interestingly, values for the site of Velesnica, located only 15 km downstream to Ajmana, yielded very similar values of δ 13 C and δ 15 N (Online Resource 3). Recent re-analyses of the individuals discovered on the site of Ajmana show that they had a much higher frequency of caries than the individuals inhumated on the sites in the inner Danube Gorges (Jovanović 2017) , which also suggest different dietary habits (possibly different weaning gruels and children daily meals which may include cereal food).
It is therefore possible that the Early Neolithic communities inhabiting sites located just downstream of the Gorges at the end of the seventh millennium BC represent or directly descend from the first farmers of the region, which were certainly in contacts with the communities living inside the Danube Gorges and that these contacts influenced the socio-cultural and economic context of the Transitional/Early Neolithic period inside the Gorges. Other Early Neolithic newly established settlements of the downstream area, such as Ušće Kameničkog Potoka and Knjepište (located ca. 30 km downstream from Ajmana), as well as the Neolithic occupation of the sites of Kula and Velesnica (ca. 15 km downstream), were probably part of this Early Neolithic network of settlements. These Neolithic communities, which may have originated from the Neolithic groups of the Wallachian Plain, certainly developed numerous contacts with the hunter-fisher-gatherer communities living within the Gorges (Borić 2011) .
For the Central Balkan Early Neolithic communities documented in the hilly region and river valleys to the west from the Danube Gorges, the stable isotope data indicates different dietary patterns (Fig. 4a, b) . The TransitionalNeolithic individuals from the inner Gorges have a diet enhanced in higher-trophic level resources (in particular, aquatic resources), and the Early Neolithic individuals from plains exhibit different dietary patterns, depending on the site proximity to the Danube. The Bayesian model emphasises an important contribution of proteins derived from terrestrial herbivores and omnivores and from aquatic resources, while carnivores were underrepresented. However, the aquatic protein intake is different according to the location of the site. The individuals from the sites of Vinča-Belo brdo, Grivac, Sremski Karlovci and Klisa yielded higher δ 15 N values, while individuals from Vinča-Belo brdo and Klisa also exhibit the highest δ 34 S ratios compared to the other sites in this region, suggesting that they had a higher intake of aquatic protein. However, it is worth mentioning that both the sites in the Danube Gorges and those in the western Central Balkans are located in the proximity of rivers. This is, for instance, well exemplified by the highest δ 34 S values recorded at Vinča-Belo brdo which is located in the immediate vicinity of the Danube. Interestingly, the Bayesian model suggests that humans in the Central Balkans consumed similar amounts of proteins derived from aquatic resources as humans in the Danube Gorges Neolithic. However, one should be careful when interpreting this data since almost half of the individuals from the sites located outside of the Danube Gorges are coming from Vinča site which, therefore, could influence the model. Most Starčevo communities living outside of the Gorges included fewer aquatic resources in their diet, which could be partially linked to the environment. Although some of those sites had access to the river, the Danube Gorges sites had excellent riverine positions and were located near many whirlpools which would have aided in specialised fishing (Bartosiewicz et al. 2008; Dinu 2010; Živaljević 2017) and influenced the differences in dietary strategies of Early Neolithic communities in the Central Balkans.
Neolithisation and human dietary patterns: discussion
Our results show that the Mesolithic-Neolithic transition was not a straightforward process from foraging to food production but rather encompassed significant regional differences related to environmental conditions, cultural traditions and/or the dietary habits of Neolithic newcomers. Interestingly, although Starčevo communities outside the Danube Gorges had access to rivers and/or lakes, fish does not seem to play an important role in the diet, except for individuals from Vinča site. In the Fertile Crescent, one can observe a similar situation. Stable isotope analysis of Neolithic humans from Çatalhöyük in Southern Anatolia suggests that their diet was mostly based on the combination of plant and animal proteins, derived mostly from goat and sheep (Richards et al. 2003) . In Southeast Anatolia at the site of Nevali Çori, humans had a mostly herbivorous diet, based on protein-rich pulses (Lösch et al. 2006) . In Northwest Anatolia, at the site of Aktopraklik, the isotope values indicate a diet based on C 3 terrestrial resources. Although the site is close to freshwater and marine environments, Neolithic inhabitants of Aktopraklik did not exploit these resources (Budd et al. 2013) . Further west, in Greece, human Neolithic diets were primarily terrestrial, with only a small number of aquatic resources on coastal sites (Papathanasiou 2003) . A similar situation is observed for other Mediterranean Neolithic communities (Croatia, Italy, and France) which were colonised by Neolithic farmers (ca. 5500-3400 BC) from the Aegean. Carbon and nitrogen stable isotope data indicate that despite the relatively close proximity to the sea, there was no evidence of significant consumption of marine resources (Giorgi et al. 2005 ; Le Bras- Goude et al. 2006; Goude 2007; Le Bras-Goude et al. 2010; Lightfoot et al. 2011; Lelli et al. 2012; Goude et al. 2012 Goude et al. -2013 Tafuri et al. 2014) . Instead, there appears to be quite a homogeneous dietary pattern, with subsistence strategies strongly focused on herding animals for meat and milk. Inland, stable isotope data from the Early Neolithic of Slovenia (4400 to 3300 BC) also revealed a diet strongly based on terrestrial resources (Ogrinc and Budja 2005) . Further north, in the Pannonian Plain, the diet was mainly composed of terrestrial plants and animals (Whittle et al. 2002; Pearson and Hedges 2007; Giblin 2011) , while on the west, Early Neolithic LBK (Linearbandkeramik) human groups showed great variety in their diets. Although several studies show evidence of diets based on terrestrial resources with a small input of freshwater fish (Durrwachter et al. 2006; ), other LBK sites, such as Swifterbant (4300-4000 cal BC) and Schipluiden (3600-3400 cal BC), indicate a strong dependence on aquatic resources (Smits et al. 2010) . Smits et al. (2010) have also seen similarities in isotopic values between the Schipluiden and the Danube Gorges sites of Lepenski Vir and Vlasac and emphasise that at all sites, sturgeon remains are present.
Drawing upon the data presented above, it appears that the Early Neolithic inhabitants of the Balkans had a mixed terrestrial and aquatic diet and generally relied on locally available wild resources. This pattern reflects a common practice apparently shared by Early Neolithic communities living both in and outside the Danube Gorges that had direct access to rivers/lakes. This picture fits well with the one proposed for the Neolithic communities in Central Europe-they seem to have gradually adopted and adapted local Mesolithic subsistence practices, such as specialised hunting and fishing, along with practicing crop cultivation and animal herding. On the other hand, the first farmers that occupied the Mediterranean coasts directed their food economy almost exclusively toward agro-pastoralism. The debate on the apparent lack of exploitation of marine resources in the Neolithic in the Mediterranean region is ongoing. Indeed, new data shows that marine protein could, although in a much smaller degree than terrestrial protein, have contributed to the protein content of the diet of several Early Neolithic individuals from southeast France (Richards and Schulting 2006; Fa 2008; Naito et al. 2013; Goude et al. 2017; Provost et al. 2017; Salazar-Garcia et al. 2018 ).
Conclusion
Our new multi-proxy isotopic data revealed that there were significant changes in human diet between the Early Mesolithic and Late Mesolithic sequences in the Danube Gorges. According to the Bayesian model, terrestrial animals (wild boar and herbivores) as well as fish were the main protein resources for Early Mesolithic humans, while for the Late Mesolithic, a greater reliance on anadromous and potamodromous fish and terrestrial carnivores is exhibited. However, in the light of all possible factors influencing the contribution of protein sources in the model, these results should be interpret with caution, in particular concerning the input of dogs. On the other hand, an increase in fish consumption is supported by both the Bayesian model and archaeozoological evidence. The development of a specialised subsistence system which included a specific type of whirlpool fishing (in particular, that of anadromous fish) may be associated with increased sedentism during the Late Mesolithic, a point of major importance from the perspective of human ecology. There is also a possibility that the variations in δ 34 S may suggest that the fluctuating salinity of the Black Sea could have changed through time and influenced anadromous fish sulfur ratios and, consequently, human values. The data also showed a greater inclusion of terrestrial resources within the local diet during the Transitional/Early Neolithic period and a fortiori during the Early/Middle Neolithic, even if fish was still playing an important role in subsistence strategies. Exceptions are the Early Neolithic individuals inhumated at the sites of Ajmana and Velesnica, located in a different landscape at the end of the Danube Gorges, for which terrestrial resources constituted the main food source. Furthermore, Ajmana as the only newly established site at the end of the seventh millennium BC (on a previously unoccupied location) which indicates the possibility that its founders were or directly descended from the first farming communities settled in the South Balkans.
Central Balkans Early Neolithic communities, who lived in areas to the west of the Danube Gorges, had diversified diets with an intake of animal protein of various origins. These communities had varying access to rivers, so it seems that the environment and the possibilities for its exploitations were of crucial importance when making dietary choices. Likewise, despite the fact that they were located in the proximity of rivers, these rivers were (much) smaller compared to the Danube. Thus, the size of the river and its abundance in natural resources constituted a major factor in the composition of diet of the earliest Neolithic communities.
It can be concluded that, in the Balkans, local environment, indigenous traditions and daily habits of Neolithic newcomers had an important influence on dietary choices. This is particularly noteworthy for the Danube Gorges sites where the diet remains largely based on the consumption of aquatic resources both before and after the MesolithicNeolithic transition, probably as a result of favourable environmental conditions for such resources, but also because of dietary practices inherited from earlier Mesolithic communities. This pattern has been also suggested for other Neolithic groups settled further west in Central and Western Europe and seems quite different from the Early Neolithic communities distributed on the coast of the Mediterranean, which-paradoxically-favoured terrestrial food resources. From a dietary perspective, it seems that ecological conditions, local traditions and economic innovations interacted in various ways to shape the complex and multi-faceted phenomenon of European Neolithisation.
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